The time-delayed resonant two-photon ionization method has been used to measure the radiative lifetimes of the v ¼ 0 and 1 levels of the A 6 AE þ state of CrH, yielding values of 0:939 AE 0:019 and 1:027 AE 0:066 s, respectively (1 error limits). These measured lifetimes are about 16%-45% longer than those obtained in recent ab initio calculations, a result that is important for modeling of the atmospheric concentration of CrH in the class of substellar objects known as brown dwarfs. Based on these results, it is suggested that the line strengths used to calculate the opacity function used by astronomers should be reduced by a factor of 0.799. In addition, line positions are reported for the 0-0 band of the A 6 AE þ X 6 AE þ system of the minor isotope 50 CrH, along with a least-squares fit of the lines to the standard matrix Hamiltonian.
INTRODUCTION
The electronic spectrum of diatomic chromium hydride, CrH, was first observed over 60 years ago (Gaydon & Pearse 1937) . It was the subject of only six published papers within the first 40 years of its observation (Gaydon & Pearse 1937; Kleman & Liljeqvist 1955; Kleman & Uhler 1959; O'Connor 1967 O'Connor , 1969 Smith 1973 ), but the 1980 spectroscopic detection of CrH in sunspots (Engvold et al. 1980 ) and S-type stars ( Lindgren & Olofsson 1980) increased the astrophysical interest in the molecule. In 1999, CrH was observed in the spectra of brown dwarfs ( Kirkpatrick et al. 1999a ), substellar objects that are intermediate in size and temperature between the least massive stars and the most massive planets ( Basri 2000) . These incompletely understood astronomical objects were observed for the first time in 1995, and a classification scheme for brown dwarfs was first established in 1999 (Kirkpatrick et al. 1999b) . In this classification scheme, CrH figures quite prominently. The absorption spectra of molecular CrH are now used, in combination with the spectra of other species (including FeH and the alkali atoms), as criteria to classify brown dwarfs into the various subclasses of spectral type ''L'' (Kirkpatrick et al. 1999b) .
During the post-1980 period of increased astronomical interest in CrH, a number of computational ( Barone & Adamo 1997; Bauschlicher et al. 2001; Chong et al. 1986; Dai & Balasubramanian 1993; Das 1981; Gropen et al. 1982; Patchkovskii & Ziegler 2001; Roos 2003; Walch & Bauschlicher 1983; Ziegler et al. 1987) and spectroscopic ( Bauschlicher et al. 2001; Brown et al. 1993; Corkery et al. 1991; Lipus et al. 1991; Miller et al. 1987; Ram & Bernath 1995; Ram et al. 1993; Van Zee et al. 1985) investigations have been published on the molecule. Most of the computational studies have only considered the ground X 6 AE þ state, but both this state and the A 6 AE þ states are spectroscopically well characterized.
Some of the computational studies have included calculations on the A 6 AE þ state ( Bauschlicher et al. 2001; Dai & Balasubramanian 1993; Roos 2003) and the 6 Á state (Bauschlicher et al. 2001; Dai & Balasubramanian 1993) , and one calculation has reported results on 21 different electronic states ( Dai & Balasubramanian 1993) . To date, however, there have been no experimental measurements of the intensity of the A 6 AE þ X 6 AE þ band system or, equivalently, of the A ! X fluorescence rate. These parameters are essential for developing a quantitative measure of the column density of CrH molecules in the atmospheres of brown dwarfs and other astronomical objects. The only estimates of the strength of the A-X band system come from computational studies (Bauschlicher et al. 2001; Roos 2003) , and these results have been used to develop an opacity function for CrH as a function of temperature and pressure (Burrows et al. 2002) .
In this paper we report experimental measurements of the radiative lifetimes of the CrH A 6 AE þ v ¼ 0 and 1 levels, for comparison with computational results and to develop a more accurate opacity function. In addition, 53 lines of the 0-0 band of the A-X system of the minor isotopomer 50 CrH (natural abundance 4.3%) were recorded during an investigation of the related CrC 2 H molecule, and these are reported here as well. The study of CrC 2 H has been published elsewhere ( Brugh et al. 2004 ).
EXPERIMENT
The lifetime measurement was performed by the timedelayed resonant two-photon ionization technique, using an instrument that has been previously described ( Fu et al. 1988) . Diatomic CrH was produced by pulsed laser ablation (Nd:YAG, 532 nm, 10 mJ pulse À1 ) of a chromium disk (Alfa Aesar, 99%) in a flow of helium containing 3% CH 4 . The ablated atoms react with the methane to form a variety of compounds (CrH, CrC, CrCH, CrCH 2 , CrCH 3 , CrC 2 H, etc.), and the products of these reactions undergo supersonic expansion into vacuum via a 2 mm diameter orifice. The resulting molecular jet was skimmed to a 5 mm diameter beam prior to entering the Wiley-McLaren extraction region (Wiley & McLaren 1955 ) of a differentially pumped reflectron time-of-flight mass spectrometer (Mamyrin et al. 1973 ). In the supersonic expansion process, it is estimated that the CrH molecules are cooled to a rotational temperature of approximately 15 K.
The CrH molecules were excited to the v ¼ 0 or 1 levels of the A 6 AE þ state using a Nd:YAG pumped dye laser operating on the laser dyes LDS 867 and LDS 765 ( Exciton), respectively. Ionization was accomplished using the 193 nm output radiation of an excimer laser ( Lambda Physik, Compex 200) operating on ArF. The timing between the two lasers was controlled using a custom-built computer-controlled delay generator, and the ion signal at the mass of 52 CrH was monitored as a function of the delay between the excitation and ionization lasers. Since the only excited-state decay mechanism available in a collisionfree molecular beam is fluorescence, the resulting exponential decay curves provide the radiative lifetime, .
In addition, lines of the 0-0 band of the A 6 AE þ X 6 AE þ system of the minor isotopomer 50 CrH were recorded during a rotationally resolved scan of a band of CrC 2 H, and this spectrum is presented as well. In these scans, the rotationally resolved spectrum was obtained by excitation of the molecule using the output of a single-mode OPO-OPA laser (Continuum Mirage 500), pumped by a seeded Nd:YAG laser (Continuum Powerlite 8000), providing spectral features with a line width ( FWHM ) of about 0.03 cm À1 . Ionization was achieved using the ArF (193 nm) output of an excimer laser. For the resonant two-photon ionization study of 50 CrH, calibration of the OPO-OPA laser was achieved by passing the signal beam through an I 2 fluorescence cell and comparing the resulting spectrum with the I 2 atlas of Gerstenkorn & Luc (1978) . In a separate experiment, I 2 spectra were collected for both the signal beam and the idler beam, allowing for precise calibration of the third harmonic of the seeded Nd:YAG laser as 28183:590 AE 0:007 cm
À1
. The spectrum obtained for 50 CrH was then calibrated by subtracting the directly calibrated frequency of the signal beam from the fixed calibrated frequency of the third harmonic of the laser. On this basis, we believe that our reported line positions for 50 CrH are correct to an absolute accuracy of approximately 0.02 cm
. This is primarily limited by the slow drift of the frequency of the continuous wave Nd:YAG laser that is used to seed the beam; the relative positions of strong unblended lines are thought to be accurate to 0.01 cm À1 .
RESULTS

Lifetime Measurements
The lifetimes of the upper states of five rotational features in the 0-0 band were measured. For the 1-0 band, three different rotational features were measured. A typical trace of the ion signal as a function of delay time is plotted in Figure 1 , along with the fitted decay curve. For each rotational feature investigated, three independent measurements of the decay curve were made. These measurements were combined to provide the average lifetime and standard deviation for each rotational feature probed, as listed in Table 1 .
The data in Table 1 demonstrate that repeated lifetime measurements at the same excitation frequency yield standard deviations averaging about 4%. Furthermore, the various rotational levels examined for the v ¼ 0 level of the A 6 AE þ state display identical lifetimes, within experimental error. Therefore, it makes sense to average these results, obtaining an overall radiative lifetime for the A 6 AE þ , v ¼ 0 state of 0:939 AE 0:019 s (1 error limit). For the v ¼ 1 level, the individual rotational features show a wider variation in excited-state lifetime than was found for the 6 AE þ X 6 AE þ system of 52 CrH, followed by photoionization with 193 nm ArF radiation after a variable time delay. The plotted points represent the measured ion signal as a function of the delay, and the smooth curve provides the fit. For this data set, a fitted lifetime of ¼ 0:963 AE 0:013 s is obtained. Notes.-In this table, the quoted error limits on give the standard deviation from a set of three independent measurements of the lifetime. The lines observed are the expected ones for a cold supersonic beam and are labeled by the value of ÁJ, with the F-labels of the upper and lower states given as subscripts. In parentheses is the N-value of the lower level of the transition, along with its e / f symmetry designation.
v ¼ 0 level. These differences are large enough that they may reflect a real variation in lifetime between different rotational levels within the A 6 AE þ , v ¼ 1 level. It has previously been noted that the v ¼ 1 level of the A 6 AE þ state is heavily perturbed ( Bauschlicher et al. 2001) , and it is likely that mixing of the wave function of the A 6 AE þ state with the wave function of the perturbing state causes the observed line-by-line variations in the excited-state lifetime. For the A 6 AE þ state, it is thought that the perturbations originate from the nearby a 4 AE þ state, which cannot be observed in electric dipole transitions with the ground X 6 AE þ state. The fact that the a 4 AE þ state cannot undergo optical transitions to or from the ground state makes it a ''dark'' state, and any mixing of a 4 AE þ character into the A 6 AE þ state is then expected to lengthen the fluorescence lifetime. The variation in excited-state lifetime with rotational level that is observed for the v ¼ 1 level of the A 6 AE þ state almost certainly reflects the varying amounts of a 4 AE þ character within the individual rovibronic levels of this state. In this regard, it is not surprising that the average lifetime of the v ¼ 1 level is longer than that of the v ¼ 0 level, since any admixture of a 4 AE þ character will lengthen the lifetime. The average of the measured lifetimes is calculated to be 1:027 AE 0:066 s for the v ¼ 1 level, but it is not so straightforward in this case to relate the lifetime to the opacity function for CrH, owing to the complicating effects of the a 4 AE þ $ A 6 AE þ perturbation.
Rotationally Resolv ved Spectra of the A
Displayed in Figure 2 is the rotationally resolved spectrum of 50 CrH that was recorded during our investigation of CrC 2 H, which happens to have a transition within this same frequency range. Measured line frequencies for this band fall very close to those previously reported for the corresponding band of 52 CrH, a fact that is not surprising given that the band is a 0-0 band and the reduced masses of the two molecules differ by only 0.08%. Perhaps more surprising is that many lines are observed that are forbidden in a Hund's case b-case b transition, for which the only allowed branches are R 1 -R 6 and P 1 -P 6 . These forbidden lines were not reported in previous investigations ( Bauschlicher et al. 2001; Ram et al. 1993 ) indicate that this state is well described within Hund's case b. The forbidden lines observed in the present study are not at all forbidden when rigorous calculations of the rotational line strengths are performed. Simulations of the A-X spectrum using the proper rotational line strengths show that the forbidden lines are in fact expected, and the simulated line intensities 2 are in good agreement with our experiment ( Tan 2002) .
Each line displayed in Figure 2 exhibits a characteristic pattern of satellite features, including a rather strong feature 0.15 cm
À1
to the blue of the main line, a weaker feature 0.05 cm À1 to the red of the main line, and a much weaker feature 0.05 cm À1 to the blue of the main line. This is illustrated more clearly in Figure 3 , which provides a blow-up of the R 1 (3.5), R 2 (2.5), and Q 21 (3.5) lines. At first, we thought that this substructure was due to hyperfine interactions, but the tiny values of b F and c (À1:16 ; 10 À3 and 1:4 ; 10 À3 cm À1 , respectively; Corkery et al. 1991 ) in the X 6 AE þ ground state imply that the ground state hyperfine structure is not observable at our resolution. It is possible that the two most intense features originate from hyperfine splittings in the A 6 AE þ state; these should have been observed in previous investigations ( Bauschlicher et al. 2001; Ram et al. 1993) , however. On this basis, we are forced to conclude that our singlemode OPO-OPA laser was in fact not operating in single-mode when these spectra were collected. Surprisingly, neither the I 2 reference spectra nor the étalon trace displayed any evidence of a secondary mode. It would appear that the secondary mode structure was evident only in the portion of the idler beam that was used to record the spectrum and not in the portion of the signal beam that was used to record the I 2 absorptions and reference étalon fringes.
Unfortunately, because the object of our study was CrC 2 H instead of CrH, we did not record the spectrum over a broad enough range to observe many P-branch lines. This limits the usefulness of our data, since the observation of both R-and P-branch lines is necessary for the best spectroscopic fit, particularly for the T 0 , B 0 0 , and B 00 0 parameters. Nevertheless, our 
system of 50 CrH, recorded as described in the text. Fig. 3. -Blowup of the portion of the spectrum containing the R 1 (3.5), R 2 (2.5), and Q 21 (3.5) lines, illustrating the repeating substructure associated with each line. We believe that this substructure is due to multimode operation of the excitation laser, as discussed in the text. results do provide line positions for the minor isotopomer 50 CrH for the first time. A complete list of the rotational lines observed in this work and their relative intensities is provided in Table 2 . Spectroscopic constants, fitted to the Brown and Milton N 2 Hamiltonian (Brown & Milton 1976; Ram et al. 1993) , are provided in Table 3 . For the nonlinear least-squares fit, many poorly determined parameters were not varied but were held fixed at the values previously determined for the 52 CrH isotopomer ( Bauschlicher et al. 2001) . These are indicated in Table 3 . 
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Notes.-The lines listed in Table 2 were fitted to the N 2 Hamiltonian of Brown & Milton (1976) , as described in the text. Parameters that could not be determined very accurately were held fixed at the values obtained for the 52 CrH isotopomer by Bauschlicher et al. (2001) .
